Stable, with a narrow energy band <3%, and energy selectable, from 1 to 40 MeV, electron beams with charges ∼1 pC are produced from broadband electron bunches accelerated in the wakefield of femtosecond laser pulses with pulse energy ∼0.4 J. The beams are extracted with use of energy filtering based on a compact and controllable pulse-driven solenoid. Such a plasma cathode based on laser wakefield acceleration can be used as an injector for the multistage laser wakefield electron acceleration as well as for ultrafast electron imaging systems.
I. INTRODUCTION
In the last decade, laser wake field acceleration (LWFA) of electrons by femtosecond laser pulses is being evolved from theory to technology [1] [2] [3] [4] [5] . LWFAwas mostly oriented for high-energy accelerators due to their ultrahigh electric field gradients. Electron energies near 4.2 GeV have been already achieved with the use of peta watt class laser pulses [6] . On the other hand, having short bunch durations, low emittance, and being potentially jitter-free, LWFA electron beams are considered a framework for ultrafast electron and x-ray imaging [7] [8] [9] . In the context of LWFA several techniques based on gas jets, gas-cell, and preformed channels have been proposed and tested experimentally [10] [11] [12] [13] [14] [15] [16] [17] [18] .
It is clear that parameters of the acceleration field should not be changed during an acceleration process. However, during laser pulse propagation in a long distance its parameters usually essentially change. It happens because of pulse depletion, sensitivity of dephasing length to pulse parameters, various instabilities such as self-focusing, hosing, and others [5, 11, 12] . As a result, achieving necessary controllability and reproducibility of electron acceleration in the wakefield of such a pulse become difficult. One partial solution of this problem is to shorten the acceleration length in a single stage and use the multistage acceleration scheme [15, 18] . The multistage acceleration allows also the use of different plasma parameters in each stage that makes the process of LWFA quite flexible.
In the multistage LWFA, the electron beam injection into the acceleration phase of the laser wakefield becomes a critical process. Roughly, injected electrons must have velocity exceeding the group velocity of a laser pulse in plasma: v gr ≈ c ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 1 − N e =a 0 N cr p , where c is the speed of light, N e is the electron density in plasma, N cr ¼ m e ðω=eÞ 2 =4π is the critical density for laser pulse with frequency ω, a 0 is the normalized vector potential of a laser pulse, and m e is the electron mass [19] . An injected electron beam has to have energy ε i ≈ mc 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi a 0 N cr =N e p . For Ti-Sapphire laser pulses with wavelength λ ¼ 800 nm, the critical density is N cr ¼ 1.74 × 10 21 cm −3 . Therefore, for the injection of electrons in plasma with density N e ¼ 2 × 10 18 cm −3 (as in Ref. [19] ]) irradiated by a laser pulse with a 0 ∼ 1, the energy should exceed ε i ¼ 15 MeV. Therefore, electrons should be preaccelerated in the plasma cathode, which is apparently the first stage of the multistage LWFA. Since the spot size of a laser pulse with a 0 ∼ 1 is usually less than 100 μm in diameter, the electron beams should have a quite small size for an efficient injection or coupling with the second booster stage. To satisfy all of these conditions, electron beams extracted from the plasma cathode should have a low beam divergence and should be stable and well controlled. Beam energy tuning is also a required parameter, which is necessary for efficient injection of the electrons in the acceleration phase of the wakefield.
It is well known that LWFA of electrons in a dense uniform plasma results in their broad, Maxwell-like distribution over energy [19] with an effective temperature T eff ¼ χm e c 2 a 0 , where χ lays in the range from 1 to ∼10 depending on plasma parameters. Tightly focused laser pulses with a 0 ∼ 2-5, therefore, can produce a considerable charge of electrons with energy from 1 to 70 MeV with a low emittance [20, 21] . On the other hand, by using a magnetic lens and a set of pin holes, one can extract a reasonable portion of such electrons with a quite narrow energy band. In this case the magnetic lens works as a linear energy filter. The filter is linear because it does not change the initial energy distribution of electrons. Upon controlling the characteristic of the magnetic lens one can tune the energy of extracted electrons in a broad range. In the present work, we investigate the characteristics of electron beams from a laser-plasma cathode based on LWFA using a pulse driven solenoid lens as an energy filter as well as a beam spatial collector. We also explore the applicability of this technique for the energy range below 10 MeV, which is important for the ultrafast electron diffraction imaging [22] .
II. EXPERIMENTAL SETUP
Experimental setup is shown in Fig. 1 . The experiment was carried out with the 20 TW-30 fs Ti:Sapphire laser system at Photon Pioneers Center, Osaka University, based on a chirped pulse amplification technique [23] . The pulse energy on a target was 450 mJ at its maximum and the pulse duration was 30 fs (FWHM). The laser spot diameter was 8 μm (1=e 2 ) and can provide the maximal intensity
Considering the energy concentration of 50%, the on-target intensity is estimated to be 1 × 10 19 W=cm 2 , which corresponds to the normalized vector potential of a 0 ∼ 3. The central wavelength of the laser pulse is λ ¼ 800 nm. The contrast ratio between the main pulse and the nanosecond prepulse caused by the amplified spontaneous emission was set to be about 10 −9 . Picosecond contrast was of the order of 10 −6 at 5 ps prior to the main pulse.
The laser was focused on the front edge of a uniform helium gas-jet target produced by a supersonic slit nozzle, with a gold-coated off-axis parabolic mirror with f=3.5 (f ¼ 163 mm). The thickness of the gas jet was 1.2 mm. The stagnation pressure at the reservoir of the nozzle was set up to 4 MPa with the gas density at the laser axis orders of N ¼ 10 19 cm −3 similarly to that in our previous experiment [17] .
Spatial distribution of the ejected electron beams was measured by a phosphor screen (Mitsubishi Chemical Co. LTD, DRZ-High [24] ). Two screens were located at 48 cm and 159 cm away from the gas-jet target (T) as beam monitors (BM1 and BM2) as shown in Fig. 1 . The phosphor screen is sensitive to high-energy particles and radiations, so that the front side of the screen was laminated with a 12 μm-thick aluminum foil to avoid exposure to the laser pulses, scattering lights, and low-energy electrons. The scintillating images on these phosphor screens made by the deposited electrons were recorded by 16 bit charged coupled device (CCD) cameras with imaging lenses from the backside of the screen.
Parameters of the pulse solenoid lens were chosen to provide necessary focus ability, with the focus spot within 2 m distance from the gas jet (T), for electron beams with energy ranging from 1 to 60 MeV. Required focusing magnetic strength can be estimated with a simplified model with the well-known thin-lens approximation for paraxial charged particle lay. For relativistic electron beams, we can get the relation 1=f ¼ ðeB z =2γm e v z Þ 2 l, where f is the focal length of the solenoid lens, B z is the longitudinal component of the solenoidal magnetic field, γ is the Lorentz factor, v z is the electron longitude velocity, and l is the length of the lens, respectively. For solenoid coils, the longitudinal magnetic field is derived by B z ¼ kμ 0 nI, here μ 0 is the magnetic permeability in vacuum, n is the number of turns per meter, I is the drive current, and k is Nagaoka's coefficient, respectively. If the geometrical configuration is determined, one can get the required drive current. Focus ability and required drive current for a 50 mm length, 3400 turns per meter (170 turns/50 mm), and 10 mm diameter solenoid lens configuration are shown in Fig. 2 . Apparently, the system can focus electron beams of up to several tens of MeV within a several decimeter length by the high drive current of kA order.
Again, we used a pulse driven solenoid lens as a focusing and energy filtering system to extract electrons with a narrow energy band. The solenoid (S) was set at 19 cm away from the gas-jet target (T). Figure 3 shows an equivalent circuit diagram of the pulse driven solenoid focus system and geometrical configuration of the solenoid lens in the inset. The solenoid coil was designed with 10 mm inner diameter and 50 mm length. It is able to transmit effectively electron bunches with 5 mrad divergence. A thin wire laminated with polyamid (triple insulated wire TEX-E FURUKAWA [25]) able to withstand high voltage was use for the coil. It allowed an essential increase of driving magnetic field strength. The wire diameter of 0.6 mm was wrapped and wound on the cylindrical insulator. The resistivity and inductance of the coil was 1 Ω and 0.6 mH, respectively. For synchronization of the femtosecond duration electron bunches and the discharge current, the pulse driver was assembled with a low jitter solid-state switching device, power Insulated gate bipolar transistor (IGBT) (CM900HB-90H Mitsubishi electric [26] ). The withstand voltage and current of the pulse driver were 4500 V and 900 A, respectively. Figure 4 shows the typical output voltage and current waveforms of the pulse driver measured with a high voltage probe and a Rogowski coil as shown in Fig. 3 . The charging voltage was set to 400 V. As shown in Fig. 4 , it can provide a drive current waveform with a rising time of 100 μs and a half period of 200 μs. The flattop region of 15 μs at t ¼ 120 μs is much longer than the electron bunch traveling time in the solenoid (∼170 ps). Therefore, the pulse magnetic field can be regarded as a constant field for traveling electron bunches. The electron beam energy was measured by a dipole permanent magnet energy spectrometer (ESM) located at 2 m downstream from the gas jet (T). The geometrical configuration of the dipoles is as follows: length is 700 mm, width is 190 mm, and gap between 
III. RESULTS AND DISCUSSION
Images of focused beams with different energies were exposed on the phosphor screen and measured. Typical electron beam images on the screen at 2 m from the exit of the solenoid are shown in Fig. 5 . These images were obtained by the phosphor screen set just behind the entrance aperture of ESM. As shown in Fig. 5 , for the energy ε ∼ 10 MeV the beam size was estimated to be smaller than 2 mm in FWHM. The pointing stability of the beams was estimated to be better than 0.5 mrad.
Results of energy filtering can be seen in Fig. 6 where we present images of the ESM screen and typical calibrated energy spectra on the axis for electron beams without (a) and with (b) the linear filter for energy ε ¼ 12.4 MeV detected on the image screen. Expectedly, the initial energy spectrum given in Fig. 6(a) is broad-banded with an effective temperature T eff ∼ 25 MeV. This temperature essentially exceeds the temperature of the electron source at the exit of the gas jet. The reason is in dependency of beam divergence on electron energy: higher energy corresponds to smaller divergence. Therefore, the "effective" temperature of electrons reaching the image plate essentially increases, as indicated in Fig. 6(a) . Because beams are transported through a drift-tube with the slit of 3 mrad acceptance angle, one can observe a lack of low energy components, below 5 MeV. The pulse solenoid drastically improves the energy spectrum of the accelerated electrons on the axis as shown in Fig. 6(b) . Beam average energy is 12.4 MeV and energy spread is smaller than 400 keV in FWHM. Note that the resolution of the ESM is ∼50 keV around 10 MeV energies. The relative energy spread was reduced becoming smaller than 3%. In addition, one can see the increase of the detection signal on the axis up to 10 times for energy range near 12.4 MeV. This means that the pulse solenoid also works as a collecting lens for these bunches.
Typical beam images for five successive shots detected by the ESM after the energy selection arranged for electron energy of 12.4 MeV by the solenoid are given in Fig. 7 . The charging voltage and corresponding field strength on the axis of the pulse solenoid for this electron energy were V 0 ¼ 650 V and B z ¼ 0.74 T, respectively. In Fig. 7 , horizontal and vertical axes correspond to energy and radial distribution of the beams respectively. Though the intensity of the spots were fluctuating, as seen in Fig. 7 , the central position of the beams in the vertical axis and beam energy on the horizontal axis are stable and repeatable. Although it is difficult to estimate beam spot size with phosphor screen images due to its blurring, the upper limit of beam spot sizes was evaluated to be less than 1.6 mm in FWHM. Stability of the energy spectra is approximately better than AE25 keV. The pointing stability of the beams is approximately 0.3 mrad, the same as the one shown in Fig. 5 . We attribute the fluctuation of the emission, which corresponds to beam charge at the EMS screen, to fluctuation of electron beams produced by LWFA.
Energy selectability was characterized in the experiment by changing the solenoid drive current. Typical ESM screen images and calibrated energy spectra for energy selected beams are given in Figs. 8(a) and 8(b) . Beams, having initially thermal-like energy profiles, were selectively transported to the image screen of the ESM located at 2 m from the gas jet (T), while energy selectability for beams with energy from 10 to 25 MeV were almost the same: Δε=ε ∼ 2% to 3%. For lower energies ∼2 MeV and higher energies ∼35 MeV, the energy spreads were 5% and 1%, respectively. In case of lower electron energy, the broader energy spectra are a result of a larger geometrical emittance (see Table I ). In the case of 35 MeV energy, an essential decrease of the number of electrons in this energy range is reflected. Detection efficiency of electrons with energy below 10 MeV is relatively smaller than that for higher energy due to edge effects of the dipole magnets in the ESM. This results in the relatively smaller number of lower energy electrons ∼2 MeV.
The charge of bunches was estimated by the conventional technique [27] with use of electron multiplying CCDs (Princeton Instruments, EMCCD Pro-HS1KBX3 [28] , chip size 13.3 mm × 13.3 mm) and the phosphor screen. The EMCCD chip was set behind the screen at 600 mm; the solid angle was ∼3.9 × 10 −5 sr. The results of the measurements are summarized in Table I . The maximal charge of 1.6 pC was generated for electrons with the energy 12.4 MeV. Again, the system was optimized for this electron energy and there was no optimization of the charge of thermal electrons. The use of an extra filtering, such as an aperture [(A) in Fig. 1 ] with a diameter of 500 μm set in ∼101 cm away from the target (T), results in narrower, by a factor of 1.5, energy spread, Δε=ε ¼ 1.9%, of electron bunches as seen in Fig. 9 . However, the bunch charge decreases stronger by a factor of 2.9.
For the present laser and gas-jet parameters such as intensity, duration, prepulses, and density distribution, the total charge of accelerated electrons with thermal energy distribution measured before energy selection by the solenoid was not high, about 120 pC. Optimization of the total charge of these electrons was out of the scope of this work [29] . Presently such well-defined beams can be a useful tool to probe different regimes in the staged LWFA. In order to test their feasibility for staging experiments, we performed a preliminary 2D particle in cell simulation. In the simulation the electron beam is assumed to be emitted from the cathode (injector stage). Then this electron beam is coupled with the booster wake field generated by another laser pulse. Here, we briefly present the result of beam evolution. We chose a long and spatially broad beam to probe numerically the interaction of a narrow band electron beam with a laser pulse wake in different regimes excluding dependency on the injection phase. In Figs. 10 and 11 typical parameters of such an interaction are shown. One can clearly separate three possible scenarios of interaction: Acceleration (marked by 1), deceleration (2) , and phase rotation (3). Evolution of electron beams strongly depends on beam sizes and injection alignment as well as on the laser pulse energy. Characterization of electron injection for acceleration, or for deceleration, or for phase-rotation particularly is out of the scope of this paper and will be presented later.
IV. CONCLUSION
In conclusion, we have produced and characterized the energy selectable MeV class of the plasma cathodes based on LWFA combined with the beam energy filtering technique. Electron beams extracted from the cathode may serve as an efficient injector in multistage LWFA technique as well as for ultrafast electron imaging.
In the experiment, electron beams with energy from 2 up to 35 MeV and charges ∼1 pC were focused and transported along 2 m with energy spread Δε=ε below 3% and with spot size smaller than 1 mrad in FWHM, respectively. Moreover, in the case of moderate energies from 10 to 25 MeV the pulse solenoid was also a good collector providing an increase of the number of electrons on the axis at the image screen more than 10 times. The relatively small size of selected beams in a long distance allows the use of such beams as injectors for the second stage of multistage LWFA with geometrical efficiency ∼1% only without applying additional focusing techniques. The beam size is also important for further injection of the beams to the acceleration wakefield in the second stage. Since the maximal available size of a laser beam providing a 0 ∼ 1 is within ∼100 μm the injection efficiency is ∼1% geometrically for the present parameters. A way for increasing this efficiency is in (i) tightly focusing the beams while shortening the distance between the plasma cathode and a booster (the second stage) via increasing drive currents of solenoids or (ii) use of extra plasma lens, for example as in Ref. [30] .
Although further measurements for characterization of beam parameters such as bunch durations have yet to be done, the demonstrated narrow-band energy beams are a serious step forward in the creation of the staging LWFA and elaboration of future ultrafast electron beam diffraction imaging diagnostics.
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